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Thermal Expansion of Some Nickel Alloys 

Peter Hidnert 

Data on the linear thermal expansion of some nickel alloys (manganese nickel, Hoskins 
Alloy 667, Inconel, Evanohm, Monel metal, M-M-M alloy, lUium alloy, and Waspalloy) for 
various temperature ranges between 20° and 1,000° C are given. During the first heating 
of Inconel alloys (probably with a supersaturated content of carbon), irregularities were 
noted in the expansion at about 700° C and were ascribed to precipitation of carbide. The 
coefficients of expansion of the alloys are tabulated. For the range 20° to 300° C, these 
coefficients varied from 13.1 to 15.5X10~^ per deg C. The effects of additions of copper, 
cobalt, and iron to nickel-chromium alloys (0 to 24 percent of chromium) are indicated. 



1. Introduction 

Data obtained between 1918 and 1956 on the linear 
thermal expansion of some nickel alloys for various 
ranges between 20° and 1,000° (/, are presented. 

2. Alloys Investigated 

Tlie samples of nickel alloys wc^re obtained from 
Wilbur B. Driver Co., Newark, N. J., General 
Electric Co., Schenectady, N. Y., Holabird Quarter- 
master Intermediate Depot, Baltimore, Md., Hoskins 
Manufacturing Co., Detroit, jMich., Manning, Max- 
well, and Moore, Inc., Bridgeport, Conn., National 
Advisory Committee for Aeronautics, Washington, 
D. C, National Bureau of Standards, The Standard 
Calorimeter Co. (succeeded by Burgess-Parr Co., 
Freeport, 111.), and Universal Cyclops Steel Corp., 
Titusville, Pa. The length of each sample used in 
the determinations of linear thermal expansion was 
300 mm. The cross sections of the samples, their 
chemical compositions, and treatments are given in 
table 1. The chemical compositions of some of tlie 
samples were determined by the Bureau as noted in 
footnotes of table 1. The compositions of the other 
samples were supplied by the companies that pro- 
duced them. 

3. Apparatus 

The micrometric thermal-expansion apparatus de- 
scribed by Hidnert and Souder [1] ^ was used for the 
determinations of the linear thermal expansion of 
the nickel alloys. The samples were heated in an oil 
bath or an air furnace. To minimize the effects of 
oxidation or scaling at high temperatures, an ob- 
servation wire was placed in a sharp V-groove cut 
around the sample near each end. Observations at 
each temperature were taken under equilibrium 
conditions. 

4. Results and Discussion 

The observations obtained on heating and cooling 
15 samples to various temperatures were plotted, 



1 Figures in brackets indicate the literature references at the end of this paper. 



but the observations for only 5 samples are shown 
(figs. 1, 3, 4). The coefficients of expansion in table 
1 were all computed from the original expansion 
curves. 

The ^ 'annealed'^ samples of Inconel,^ containing 
0.02 to 0.11 percent of carbon, were probably in a 
su])(vrsaturated condition witli respect to carbon on 
account of their relatively fast cooling from 2,050°F 
(1,121°C0. On the first lieating of these afioys 
during the thermal-expansion determinations (fig. 1), 
sliglit irregularities were observed at about 500° and 
700°C in the curves of instantaneous coefficients of 
expansion versus temperature (fig. 2). The irregu- 
larities at about 500°(^ have been attributed [2a], 
although without conclusive evidence, to the forma- 
tion of an ordered structure based upon the com- 
poimd NisCr. 

The author believes that the irregularities in 
Inconel at about 700°C (fig. 2) were caused by pre- 
cipitation of carbide. Sucti irregularities have pre- 
viously been reported by Hidnert [3] for nickel- 
chromium-iron alloys. The irregularities in the 
latter alloys were observed only during the first heat- 
ing on alloys that had previously been cast or 
qucMiched from a high temperatiu*e. 

Figure 2 indicates that during the first heating of 
Inconel, the magnitude of the irregularity at 700 °C 
increases with increase in the carbon content. 

No irregularities were observed in the curves of 
Inconel on cooling it from 1,000°C to room tempera- 
ture. The author believes that the expansion curves 
of each sample on repeated slow heating and slow 
cooling will closely follow the curve obtained on the 
first cooling from 1,000°C to room temperature. 
From this it follows that the coefficients of expansion 
on repeated heating and cooling for each sample 
should be the same or nearly the same as those given 
in table 1 on cooling. 

Observations on thermal expansion of Monel 
metal (sample 1861) at various temperatures from 
room temperature to 1,000°C are shown in figure 3. 
The expansion was not reversible on heating and 
cooling the sample during the first test, but the ex- 
pansion was reversible during the second test. 



2 W. J. O'Sullivan, Jr. [2] reported data on thermal expansion, specific heat, 
thermal conductivity, mechanical properties, electrical resistance, and emissivity 
of Inconel containing 0,02 to 0.11 percent of carbon. 
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Table 1. Coefficients of linear thermal expansion of some nickel alloys 



S 



Sam- 


Commercial 






Chemical composition a 


Treatment 


00 

w 




Average coefficients of expansion per degree 


























G 


























ple 


name 


















Other ele- 
ments 







d 

5; 


1 



1 






































O 






ci 




























-M 












^ 


O 


^ 


O 


^ 


M 


cc 






5-° 


B 


h 


'k 


^ 


h 


^ 


k 


h 


k 


1 


h 


h 


1260. _ 


Nickel « 


% 
99.94 


% 


% 
0.006 


% 
0.03 


% 
0.005 


% 


% 
0.006 


% 
0.004 


% 
Co, 0.016- - 


Cold-swaged and an- 
nealed at 950° C. 


mm 
4 


IH 


XlO-6 


XlO-6 
dl3.3 


XlO-6 
13.9 


XlO-6 
dl4.4 


XlO-6 
15.0 


XlO-6 
15.2 


XlO-6 
dl5. 5 


XlO-6 

15.7 


XlO-6 
16.0 


XlO-6 
dl6.3 


XlO-6 


462... 


Manganese 
nickel. 


e97.0 




.3 


.8 




1.6 


-- 






Drawn to wire 


2 


IH 


-- 


-- 


14 




15 


- 


15 




16 




--. 


























[Cast in metal mold, hot- 




11 H 




13.2 


13.7 


14.3 


14.5 


14.9 


14.9 


15.0 


15.3 


15 6 


16 


1587 f 


Hoskins al- 


94.5 


— 




-- 


.04 


3.9 


.81 


__ 




\ rolled to 3.4-in. diame- 


1 ^' 


IC 




13.1 


13.6 


14.3 


14.7 


15.1 










17. 




loy 667 K. 




















ter, and cooled in air. 
Hot-rolled and ma- 
chined to 12-mm di- 
ameter, annealed by 
rapid insertion into 
preheated furnace at 




[2H 




13.0 


13.7 


14.3 


14.7 


15.1 


15.4 


15.9 


16.2 


16.6 


17.0 


1859.- 


Inconel h 


76.45 


14.96 


.15 


7.89 


.07 


0.26 


.19 


.007 




2,050° F (1,121° C), 


\ 12 


flH 

lie 


__ 


13.3 


13.8 


14.2 


14.6 


14.9 


15.3 


15.8 


16.0 


16.3 


16.8 
























held at this tempera- 






13.2 


13.8 


14.2 


14.6 


15.0 










17.4 
























ture for 9H min, and 


















































then quickly removed 


















































from furnace and 


















































cooled in quiescent 




























1858.. 


— -doh 


75.99 


14.42 


.22 


8.87 


.02 


.28 


.17 


.007 




._ do- - 


12 


riH 




13.2 
13.2 


13.7 
13.8 


14.1 
14.2 


14.5 
14.6 


14.8 
15.0 


15.3 
15.5 


15.8 


16.2 


16.6 


17.0 
17.3 






1860.- 
1790-- 
571 i- 

889 k. 


_--doh 

Evanohm >- 
Monel metal. 

do 


75.64 
75 

67.6 
66.80 


15.32 
20 


.19 
2.5 
26.7 
29.20 


8.17 
1.70 


.11 

.24 


.33 
2.00 


.21 

.06 


.007 




do 


12 

1 

10 

11 


IIH 

lie 

IH 

riH 

IH 


13" 


13.3 

14.3 

14.5 


13.8 

14.'8 
15.0 
14.7 


14.2 
14.1 

15."l 
15.3 


14.5 
14.5 

15.'5 

15.8 
15.5 


14.9 
14.9 

15.'7 


15.4 
15.4 


15.8 
15.9 


16.0 
16.3 


16.3 


16.9 
17.3 


Al, 2.5— - 


Drawn to wire . 


Hot-rolled 


























(Annealed 3 hr at 1,000° 












"~ 


"" 


~" 


-- 




. 


do 




















C in pure dry H2 and 




IH 


113.7 


13.9 


14.5 


14.9 


15.4 


15.8 






16. 9 




17 6 


1861 J- 


66.4 


— 


29.4 


-- 




-- 








\ furnace-cooled (150°/hr 


1 ^^ 


^2H 




14.0 


14.6 


15.0 


15.4 


15.8 


16.2 




17.0 




























from 1,000° to 600° and 




2C 














16.3 


16.6 


17.0 






908'"-. 


do 


66.2 




29.3 














I then85°/hrto20°). 


11 


IH 






14.6 
14.8 
15.3 




15.3 
15.6 
15.9 


15.5 












572... 


do 

fM-M-M 








- 












Hot-rolled _-. 


10 


riH 
lie 


;: 


14.2 
14.7 


15.2 
15.5 




-- 


-- 


-- 


— 






Alloy ^ 
















































1054- 


(Modified 
Monel 
I metal). 


Ul 




25 


3.5 




,0.75 


.75 




Sn, 9 


Cast in sand mold 


16 by 21 


riH 

iic 


14.' 2 


-- 


14.2 


15." 2 


15.1 
15.5 


"16.0 
16.4 




-- 


- 


-- 


— 


















































1032 p. 


lUium alloy - 


59 


24 


7 






1.5 


1.5 




Mo, 4 

W, 2 


>Cast-.. 


10 


IH 




12.5 


13.0 


13.5 




































Ag, 1 

fCo, 11.20._ 


Annealed 3 hr at 1,000° 
















'" 






1862- - 


WaspalloyQ. 


55.45 


19.22 


0.12 


0.73 


.45 


0.67 


0.47 


.008 


Mo, 7.00- _ 
<^Ti, 2.49-... 

Al, 1.03.... 
Ip, 0.015--. 


C in pure dry H2 and 
■ furnace-cooled (150°/hr 
from 1,000° to 600° and 
then85°/hrto20°). 


13 


(IH 
^2H 
I2C 




12.4 
12.4 
12.4 


12.8 
12.8 
12.8 


13.2 
13.1 
13.1 


13.6 
13.6 
13.6 


13.9 


14.6 


15.1 


15.8 


16.8 


17.9 



* All compositions are given in percent by weight. 

b H indicates that the coefficients of expansion were obtained on 
heating, and C indicates that they were obtained on cooling the 
samples. 

c Added for comparison with the nickel alloys in this paper. 

d Determined by P. Hidnert and reported by L. Jordan and W. 
H. Swanger, The properties of pure nickel, BS J. Research 5, 1291 
(1930) RP257. The coefficients of expansion for other temperature 
ranges were computed from the original observations. 

e Includes cobalt, probably as much as 1 percent. 

f Chemical composition determined by W. H. Jukkola, formerly 
of the Bureau, and by J. L. Hague of the Chemistry Division of the 
Bureau, 



g Used in the manufacture of spark plugs and may be classed as a 
heat-resistant alloy. 

h Made by International Nickel Co. Chemical composition deter- 
mined by this company. 

' Made by Wilbur Driver Co., Newark, N. J. 

J Chemical composition determined by E. E. Maczkow^ske of the 
Chemistry Division of the Bureau. 

J' Cut from valve stem. Chemical composition determined by 
H. A. Buchheit, formerly of the Bureau. 

1 One-third of the average coefficient of cubical thermal expansion 
(41.0X10-6 per deg C from 4° to 66° C) determined on another sample 
by a volumetric method, by C. T. CoUett and B.C. Keysar of the 
Mechanics Division of the Bureau. 



™ Cut from valve stem. Chemical composition determined by 
E. E. Maczkowske of the Chemistry Division of the Bureau. 

^ Resistant to acid and erosion by high-temperature, high-pressure 
steam. 

o P. Hidnert and W. T. Sweeney, Thermal expansion of M-M-M 
alloy, Phys. Rev. 36, 787 (1930). 

p The Standard Calorimeter Co., East Moluie, 111., reported spe- 
cific gravity 8.3 and melting point 1,300° C. 

a Made by Universal Cyclops Steel Corp., Titusville, Pa. This 
alloy resists corrosion, has structural strength at high temperatures, 
and is used for rotor blades in turbojets. 
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Figure 1. Linear thermal expansion of three Inconel alloys 
containing 0.02 to 0.11 percent of carbon. 

O, Heating; #, cooling. 



Figure 4 shows the observations obtained on ther- 
mal expansion of Waspalloy at various temperatures 
from room temperature to 1,000°C. 

The coefficients of expansion of the nickel alloys 
containing 76 to 97 percent of nickel agree with the 
corresponding coefficients of nickel within ± 0.5 X 10"^ 
per deg C (±3 percent). 

A comparison of the coefficients of expansion of 
the samples of Monel metal with those for nickel in- 
dicates that the addition of 27 to 29 percent of 
copper to nickel increases the coefficients of expan- 
sion by a maximum of 1.4X10"^ per deg C (10 
percent). 

The coefficients of expansion of Illium alloy and 
Waspalloy containing appreciable contents of a 
variety of elements are appreciably less than those 
for nickel for various ranges between 20° and 700° C. 

Figure 5 summarizes coefficients of expansion of 
nickel-chromium alloys with and without additions 
of other elements, for the range 20° (or 0° C) to 100° 



22 
20 



O 12 



















^^^ 


p 
y 




I860 










^ 


^ 


/ 










^ 


-^ 


^ 


^ ^N 


w 








,^ 


^ 


^^ 














c^ 


<^^^ 



















■iz 


















p 


20 


















/ 




1859 










_ 


^^' 


/ 




18 














iA~^ 




y 












V 


-/■ 




^^ 






16 
14 
\? 








^ 


^ 


(/ 












y^ 


^ 


^ 


♦=0^ 












^ 


iff^ 



































^^^ ^ 


Y^ 




1858 










\^ 


■^ 


^ 










^^^ 












t^ 




^^H 














^ 


^ 



















400 600 

TEMPERATURE, °C 



Figure 2. Instantaneous coefficients of linear expansion of 
Inconel alloys containing 0.02 to 0.11 percent of carbon. 

O, Heating; #, cooling. 



C, from the results in table 1 and other investigations 
[3, 4, 5, 6, 7]. The straight line represents the rela- 
tion between the coefficients of expansion and the 
chromium content of the nickel-chromium alloys. 
This line indicates that the coefficient of expansion 
increases slightly with increase in the chromium con- 
tent. The addition of 1 1 percent of cobalt or 7 per- 
cent of copper with other elements (10 percent) to 
nickel-chromium alloys reduced the coefficients of 
expansion appreciably. The effect of the addition 
of iron with or without other elements is indicated in 
the figure. 

Data on the linear thermal expansion of other 
nickel alloys investigated at the Bureau were pub- 
lished in previous papers [3, 8]. 



The author expresses his gratitude to R. K. Kirby 
for his assistance in the determinations on thermal 
expansion of Inconel alloys, Monel metal (sample 
1861), and Waspalloy. 
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Figure 3. Linear thermal expansion of Monel metal (sample 
1861). 

O, Heating; #, cooling. 
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Figure 4. Linear thermal expansion of Waspalloy. 

O, Heating; %, cooling. 
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Figure 5. Coefficients of linear expansion of nickel-chromium alloys with and 
without additions of other elements. 

All plotted points represent values for annealed alloys, except those marked with one of the following symbols: C, Cast: 
H, hot rolled; W, wrought; X, unknown treatment. 
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